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Introduction
The superlattices (SLs) have attracted much attention from the point of view of their interesting properties related to strong quantum−mechanical coupling between the quantum wells (QWs), leading to controlled formation of the so−called mini− bands [1] [2] [3] [4] [5] . They are also suitable for the realization of the infrared lasers based on the quantum cascade concept. The quantum cascade lasers (QCLs) [6] based on, e.g., GaAs/ AlGaAs multiple quantum wells or superlattices [7, 8] are con− sidered as an important light source, in the mid− and far−infra− red region especially, which can be used for spectroscopy, medicine, security and many other applications.
Fabrication of QCLs requires a very high precision with respect to multilayer structure of the entire device consisting of hundreds of thin layers. In particular, one has to provide procedures which allow us to control width, content [9] and doping level in the growth process [10] of all the barriers and quantum wells. Due to multilayer structure of SLs, the simi− larities to QCLs can be found. In result, the fabrication of SLs might help in case of calibration and proper achievement of the growth accuracy before final QCLs growth starts.
Modulation spectroscopy [11] [12] [13] , especially in its con− tactless form as photoreflectance (PR), due to its absorption character and high sensitivity, is an efficient tool to study the energies of interband optical transitions (including tran− sitions between the excited states and those having very small oscillator strengths) in low−dimensional structures and hence, it can be used as a post−growth technique for electronic structure of the multilayer system determination and the growth accuracy verification.
In this work, optical properties of GaAs/AlGaAs super− lattice structures with different barrier and quantum well widths were investigated by Fourier transform photoreflec− tance (in the spectral range of interband transitions) and Fourier transform infrared (FTIR) photoluminescence (in the range of intersubband transitions).
Samples and experiment setups
The investigated undoped heterostructures are composed of a superlattice (SL) region placed on about 1−μm thick GaAs buffer layer and capped by a 5.5−nm thick GaAs layer. The SLs of two different samples consist of 100 periods of 1.1−nm Al 0.45 Ga 0.55 As and 8.1−nm GaAs double layers (sample A), and 4.6−nm Al 0.45 Ga 0.55 As and 5.4−nm GaAs (sample B). Both were grown by molecular beam epitaxy (MBE) on the (100) oriented GaAs substrates. The molecu− lar beams of group III elements were generated from the standard ABN 80 DF effusion cells (filled with Al 6.5N and Ga 7N). Arsenic was emitted as As 4 molecules, from the valved cracking cell. Temperature of the crystalline surface during the growth process was controlled by a pyrometer and had a constant value of 580 C.
In order to measure low temperature modulation spectra (by using fast differential reflectance experiment FDR [12] ), a Bruker FTIR vacuum spectrometer Vertex 80v was used together with an external chamber for experiments with an additional modulated laser beam [13] . For the low temperature photoluminescence, the same setup was used. For detection, liquid nitrogen cooled MCT (in case of PL measurement) photo detector and silicon photodiode (in case of FDR measurement) were used. Figure 1 shows a low temperature (10 K) DR/R spectrum for sample A together with calculated overlap integrals associ− ated with the electron−heavy hole (red bars) and the elec− tron−light hole (green bars) transitions. The PR features were identified and connected with the fundamental and excited states transitions. The notation klH(L) denotes the transition between the k th heavy−hole (light−hole) valence subband and the l th conduction subband (associated with the miniband edges, i.e., at the so−called G and P points of the superlattice, respectively). It can be seen that good agree− ment between the experiment and the theory has been achieved. The calculations were based on the standard enve− lope−function formalism, including the non−parabolicity of the conduction band. The carriers' effective masses had the standard values, which can be found, for instance, in Ref.
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14. The envelope functions of the electron and holes are normalised, so the value of |<Y e |Y h >| 2 should determine the transition possibility. The calculations were performed for various combinations of the QW and barrier widths. The best agreement (shown in Fig. 1 ) has been obtained for the QW and barrier widths corrected with respect to the nominal ones by about 2% and 3%, respectively. In case of sample B, the best agreement (shown in Fig. 2 ) has been achieved for 7%−difference between the final (giving the best fit of the experimental data) and the nominal (based on the growth conditions) thickness of the QWs without any chan− ges in the barrier width. Comparing the results presented in Figs. 1 and 2 , one can see that energies of the optical transi− tions are blue−shifted in sample B (relative to sample A), which is a consequence of the smaller well width. On the other hand, it might be also clearly seen that due to much broader barriers in sample B (in comparison to sample A) the widths of the minibands decrease (as expected for wider barriers causing weaker tunnelling and hence smaller overlap of the wave functions of the adjacent wells).
From the point of view of a device active region (e.g., in a quantum cascade lasers), information on the energy diffe− rence between the confined levels (subbands), for electrons especially, and the widths of the minibands is very impor− Determination of energy difference and width of minibands in GaAs/AlGaAs superlattices by using... (Fig. 3) . (Fig. 3) .
tant. We can see in the photoreflectance spectra, apart from the strong and easy observed features, also significantly weaker ones at approx. 1.65 eV (sample A) and 1.83 eV (sample B) (shown together with results of the fitting proce− dure [11] ), which might be connected with the odd transi− tion between first heavy hole and second electron mini− bands [12H(G)]. This situation allowed us to determine [by subtracting energies of 11H(G) and 12H(G) transitions] the energy difference between the electron minibands in the measured structures. On the other hand, subtracting the energies of 12H(G) and 22H(G) transitions, the distance between the first and the second heavy hole miniband might be found (see Fig. 3 ). Additionally, it is also possible to obtain the widths of the minibands. In case of the wide−bar− rier sample (which is a common situation in superlattices) we can assume, that the width of the heavy hole minibands is negligibly small in comparison to the electron ones (due to much bigger effective mass of the holes than the elec− trons). It allowed us to determine width of the first electron band by subtracting energies of 11H(G) and 11H(P) transi− tions or 22H(G) and 22H(P) transitions in case of the se− cond electron miniband. For the sample with the thin barri− ers, the obtained transition energy difference must by shared between the electron and hole minibands (by taking into account the band gap discontinuity appropriately). For example, for sample A, the founded energy distance bet− ween the second and first electron minibands is 95 ±10 meV (13 μm) and founded first electron miniband width is 28 ±2 meV. Calculated values have been found to be 106 meV (12 μm) and 30 meV for energy distance and miniband width, respectively. In some cases, using the modulation spectroscopy (very efficient for the interband optical transitions detection) might not be sufficient for determination of the energy dif− ference between the confined levels (subbands) of one band, i.e., the energy of the intraband transitions. This is due to the fact that the measured weak feature might be associated not only with one transition. As we can see in Fig. 1 , the broad feature at~1.65 eV might be connected not only with 12H, but also with 31H or 12L transitions (or can be a superposi− tion of them). This problem could be solved by a direct intersubband transitions detection employing, for instance, photoluminescence in sense of the detection of the far infra− red radiation corresponding to the transition between the second and first electron subband. Such an approach has been successfully used for measuring far−infrared PL from layers [15] , quantum wells [16] , so far this approach has never been used in this spectral range (for the waves longer than 10 μm) for investigation of the intersubband transitions in superlattices systems. Figure 4 shows FTIR photoluminescence measured at 77 K (together with a fitting curve) for both superlattice samples in the spectral range of the intersubband transitions (radiative recombination from the second to the first elec− tron subband). We have obtained the respective PL peaks at 109 ±5 meV (sample A) and 18 ±5 meV (sample B). As we can see, a good agreement between the calculations, the data of the interband experiment (PR) and the direct intersub− band (PL) investigation has been achieved. Due to quite weak PL signal intensity, a long time constant had to be used, which affected the spectra in a form of the specific 
Conclusions
In conclusion, two superlattice structures with various QW and barrier widths have been investigated using Fourier transform photoreflectance for investigation of the growth parameters and the optical properties, i.e., width and the energy distance between the minibands. In addition, FTIR photoluminescence has been employed to directly measure the intersubband transitions between the electron mini− bands. We have obtained a reasonable PL response intensity at far−infrared region and we demonstrated that this tech− nique might be successfully exploited in the optical charac− terization and it is very promising as a method of the investi− gation of device−related semiconductor−based complex sys− tems like quantum cascade lasers in this spectral range.
